subsequent categorization on the basis of target affinity,
Introduction monomer. Alternatively, the library members may be displayed on a minor coat protein (protein-3, P3). Only Exploration of the cellular machinery is leading to the discovery of complex signaling pathways that are often a few copies of this protein are present in each phage particle, and by suitable engineering, the display of liinitiated by an extracellular ligand binding to a cell surface receptor [1] . By specifically targeting these interacbrary members can be limited to one per phage particle [5] . The monomeric nature of this display lends itself to tions, researchers have been able to manipulate cellular events in an attempt to one day alleviate disease. Ineviselection for tight binding (for example, if one uses more stringent selection conditions) and for the quantitation tably, controlling signal transduction with the specificity necessary for therapeutic utility requires understanding of library members' affinity for the target in phage ELISA assays. manifold protein-protein interactions at the molecular level. Antibodies, peptides, and small molecules are Various scaffolds have been used in previous discoveries of novel ligands from naïve phage-peptide lipowerful tools for investigating protein-protein interacbraries. Such scaffolds have included unconstrained tions, but their discovery and development can be labor sequences, conotoxin derivatives [6] , and peptides intensive and time consuming. Over the past decade, structurally constrained through a combination of pairs combinatorial methods such as phage display have asof cysteine residues (potential disulfide bonds) or Glysumed a critical role in the discovery of molecules used Pro motifs (potential reverse turns) [7] [8] [9] [10] . Commonly, for elucidating key ligand-receptor relationships (repeptide-phage libraries have been generated by comviewed in [2]). Even with the large libraries accessible via bining pools of phage displaying similar scaffolds (e.g., phage display, a recurrent problem is that, as theoretical structurally constrained peptides kept separate from linlibrary size grows (i.e., as the size of the displayed pepear motifs), with each library being pursued indepentides increases and more positions have to be randomdently (e.g., see [8] ). Parallel manipulation of several ized), representation of a significant proportion of its libraries increases the labor involved but has the advanconstituents in a real, physical library becomes essentage that several scaffolds capable of binding may be tially impossible. Perturbation of protein-protein interacobtained. The identification of multiple peptide classes able to bind to a target is advantageous in that it allows target specificity, or ligand characteristics (size, strucrapid evaluation of selection or optimization by phage-ELISA methods; and (6) limited peptide synthesis only ture, solubility). This may not be possible in an "allin-one" library because avidity effects or expressionafter high-affinity ligands have been identified. The target investigated in this report is insulin-like biased phage growth during amplification in E. coli may lead to the domination of the selection process by one growth factor (IGF-1), a 70 residue peptide hormone that regulates both mitogenic and metabolic functions, or a limited number of clones (e.g., see [9] ). Because of the benefits of avidity, initial screening has routinely primarily via binding to the cell surface IGF-1 receptor (IGFR), an ␣ 2 ␤ 2 heterotetramer related to the insulin rebeen done on P8 with many rounds of selection (3-6) to yield a small number of independent clones. At this ceptor (IR) (reviewed in [11]). IGF-1 activity is tightly regulated, with IGF-1 existing in vivo primarily bound to point, peptide synthesis is used to make specific peptides and test for activity. This can be an expensive and one of six soluble IGF binding proteins (IGFBPs) that regulate IGF-1 biological availability and plasma halftime-consuming process, particularly if the initial ligands are of low affinity. Only once this has been accomplished life by sequestering the hormone within high-affinity complexes [12] [13] [14] [15] [16] . are secondary phage libraries designed as P3 constructs to optimize the initial ligands.
IGF-1 has a broad range of biological activities, and maintaining proper levels of IGF-1 signaling is important Recent modifications to the phage display technique have led to significant gains in practically accessible for normal cellular function [17] [18] [19] . A significant challenge in developing therapeutics based upon IGF-1 is sequence diversity [5] . These modifications include (1) increasing the size of peptide libraries to more than 10 10 understanding the interplay of the interactions that control IGF-1 signaling. Evidence for specific epitopes on members; (2) combining several libraries so that several scaffolds can be investigated simultaneously; (3) mining IGF-1 for the different receptors has been obtained through alanine scanning mutagenesis [20] [21] [22] . Addisequence data from early rounds of sorting to obtain information with which to design a directed search of tional information about ligand binding to IGF-1 is found in crystal structures of IGF-1 bound either to a fragment sequences space; and (4) developing a protocol for the accurate and rapid analysis of hundreds, or even thouof IGFBP5 [23] or a detergent (deoxybigchaps) [24] . In this paper, we discuss the application of our refined sands, of clones. Herein, we describe how we have incorporated these improvements into our ligand disphage display technology to the discovery of peptide antagonists of IGF-1. Such molecules would have concovery process with the aim of decreasing the time, effort, and cost of obtaining peptides that bind to a siderable utility in unraveling IGF-1 function, e.g., by antagonizing its effects in cell-based assays. We departicular target protein (Figure 1) .
We originally cast a broad net in the naïve polyvalent scribe the rapid progression from large naïve libraries to more focused libraries to active synthetic peptides. sort by sampling an extremely diverse collection of sequences and scaffolds for potential binding motifs. The Library design and information gathering and sorting procedures are presented, along with in vivo potency phage-displayed libraries were pooled and cycled through rounds of binding selection with immobilized and NMR structural data. Finally, in order to elucidate the mechanism by which the affinity maturation octarget protein to select for members that bound specifically to the target. After a minimal number of selection curred, we compare the structural features of a potent peptide obtained from monovalent maturation to that of cycles, phage binding ELISAs were used to identify individual clones that bound specifically to the target. The a low-affinity parent from the original naïve sort. sequences of binding peptides were then deduced from the sequences of the cognate DNA encapsulated within Results the phage particles. Because an extremely diverse library pool had been subjected to a low-stringency seNaïve Polyvalent Libraries lection process, we sought to obtain many positive As part of the streamlined protocol used in the present clones that could be grouped into families on the basis study, we chose to minimize the amount of manual interof amino acid sequence similarity.
vention by using a single, combined library containing Second-generation libraries were displayed in a 22 P8 polyvalently displayed peptide-phage libraries monovalent format on P3 to enable stringent selection (Table 1 ) with a combined diversity of 4.4 ϫ 10
11
. These and evolution of high-affinity binders through a combiscaffolds included linear sequences, conotoxin derivanation of changes in backbone structure and/or intertives [6] , and peptides structurally constrained through acting side chains. Furthermore, while peptides were the inclusion of pairs of cysteine residues and Gly-Pro displayed monovalently on phage, their affinities could motifs. Multiple rounds of sorting are commonly embe assayed directly [5] , allowing us to continuously monployed to enrich the fraction of binding to nonbinding itor the selection process to identify high-affinity bindclones. However, "over sorting" may lead to domination ers. Once affinity had been optimized to a satisfactory by preferentially expressed clones and a loss of selevel, peptide sequences were synthesized and subquence diversity. Thus, we employed an ELISA-based jected to detailed analysis of structure and function. assay after every round of sorting to measure the proThis approach has several advantages, including ( binding uses anti-phage antibodies to detect phage analysis to that described below for the highly populated CX 9 C scaffold. bound to immobilized IGF-1 (see Experimental Procedures). This procedure is readily adapted to a highThe CX 9 C scaffold is most prevalent in the sequenced clones, and we focus on this family for the remainder throughput format; hence, this additional step in the sorting protocol does not significantly increase the overof our analysis. Alignment of the 15 sequences on the basis of cysteine position reveals a number of conserved all time of the sorting process.
After three rounds of sorting, more than 90% of the residues within the X 2 CX 9 CX 2 core. From this alignment, the sequences fall into two related families (Table 2 ). picked clones were positive for IGF-1 binding. Nonselective binding was ruled out because these clones did Family 1 has a consensus of serine at position 6, leucine at position 10, and methionine at position 14. Positions not bind to immobilized bovine serum albumin (BSA). Ninety-six colonies selected at this point were se-7, 9, and 11 show a preponderance of two or three amino acid types, e.g., position 11 favors basic residues quenced to identify the peptides responsible for IGF-1 binding. Gratifyingly, diversity was maintained at both whereas position 7 shows a clustering of small, hydrophobic groups. Family 2 exhibits a consensus of the sequence and the scaffold levels. Representatives from six of the initial peptide sub-libraries were present aspartic acid at position 6, tyrosine at position 12, and tryptophan at position 14. in the 28 unique clones ( Family 2 STYSCIRDMGWAVYCWETTL b Fixed residues are denoted by the single-letter amino acid code, GVETCYSDAMNTQYCWTTEL and "X" denotes a randomized position where an NNK degenerate REVKCMKDLSGHEYCWAEPR DNA codon encodes all 20 natural amino acids. GEAAECAYDSLGMAYCYAKE c For sorting, the libraries were pooled to achieve a total diversity TAGIECAYDKHLDQYCWWKE of 4.4 ϫ 10 11 . d Conotoxin derivatives.
The libraries shown in Table 1 the sequence space suggested by the similarity alignment, we constructed two libraries for each family with a combination of "hard" randomization (allowing for the expression of any amino acid), and "tailored" randomsecond cysteine displayed conservation as large hydrophobes (tyrosine and tryptophan), and positions 4 ization (allowing for the expression of only a particular subset of amino acids) (Table 3) . and 7 had a propensity toward small hydrophobic residues (Table 3) . The tyrosine and tryptophan were held Different tailored codons were used at the same positions within each sub-library, allowing sequence variconstant, and other positions took advantage of tailored codons encoding either charged residues, small resiability while limiting overall library size. For example, in position two of family 1, library F1-A uses the VVK codon, dues, or nonaromatic hydrophobic residues. The NNK codon was used more frequently, giving larger theoretiwhereas F1-B uses the GAS codon (Table 3) . Use of the VVK codon excludes uncharged hydrophobic residues cal diversities for the family 2 sub-libraries. However, the theoretical diversity was overrepresented in each in this position, and use of the GAS codon takes advantage of residue conservation by allowing incorporation case, with libraries containing from 2.0 ϫ 10 10 -2.6 ϫ 10 10 unique members (see Table 3 ). For binding selection, of only the negatively charged aspartate and glutamate residues. For both F1 libraries, the first and last residues the A and B sub-libraries were combined for each family; families 1 and 2 were sorted separately. were hard randomized with the NNK codon, which encodes all twenty natural amino acids. In the design of Peptides were displayed at the N terminus of human growth hormone (hGH) fused to the C-terminal domain both the F1 and Eight selectants from the F1 library selection and ten indicating we had generated a pool of monovalent peptides that bound selectively to IGF-1.
selectants from the F2 library selection were analyzed by competition phage ELISA, giving IC 50 values ranging An additional selection round was performed under more stringent conditions to remove the weaker binding from low micromolar to submicromolar (Table 4) . The three highest affinity sequences from the F1 library seclones from the pool. Phage were bound to a low concentration (1 nM) of biotinylated IGF-1 in solution; rapid lection and the two most potent peptides from the F2 library selection were chosen for structure-function capture with streptavidin-coated magnetic followed. Using a low concentration of target protein increased analysis as synthetic peptides. As a test of the methodology, we also synthesized two peptides based on sethe selection stringency to allow capture of only the highest affinity phage clones. After this final round of quences obtained in the naïve sort (Table 4) . sorting, all the clones tested in the ELISA assay were positive for binding to both IGF-1 and anti-hGH anFunctional Analysis of Synthetic Peptides tibody.
Seven peptides were synthesized by standard Fmoc chemistry, corresponding to the second-generation phage-derived sequences and two parent sequences Assessment of Binding Affinity with Competition ELISA from the naïve selection (Table 4) , with an additional glycine residue from the C-terminal linker to more preThe low level of peptide display with the monovalent hGH-fusion format allows the assessment of peptide cisely represent the peptide as displayed on phage. As synthetic peptides, the two families demonstrated affinity via a competition analysis while the peptide is still attached to the phage particle [5] . This procedure distinct physical and functional characteristics. The peptides from Family 2 were poorly soluble; they undergives information about potency and allows us to rapidly identify potential leads for synthesis and further characwent aggregation in aqueous solution and therefore yielded unreliable results. In contrast, the peptides from terization. The clones were examined via an ELISA in which soluble IGF-1 inhibited phage-displayed peptides Family 1 were highly soluble; thus, they could be readily assayed and showed interesting activities (Table 5 ). This from binding to immobilized IGF-1 (Experimental Procedures); anti-M13 phage antibody HRP conjugate is used outcome highlights the fact that the properties of peptides displayed on phage can differ significantly from to detect the phage bound to immobilized IGF-1, and an IC 50 value is determined. Importantly, this assay format those of the same peptides free in solution. This obser-albeit with lower potency (see Table 5 ). The parent pep- 
Discussion
In the present work, we have described a modified promay be more flexible in solution than the other residues. There are extensive hydrophobic contacts between the tocol for the identification of novel peptide ligands by using phage-displayed libraries. The aim of these modiside chains of Phe4, Val7, Leu10, Met14, and Tyr15. These residues also pack on top of the disulfide bond fications was to decrease the time and expense of identifying ligands and also to identify a number of classes (residues Cys3 and Cys13). Presumably, the nonbonded interactions along this face of the helix help to stabilize of potential ligands for further optimization and characterization. A key component was the use of generic (i.e., the folded conformation of the peptide.
IGF-F1-parent, the precursor to IGF-F1-1, was also target-independent) procedures and analytical tools that are fast and highly automatable; such tools included studied by NMR (Supplemental Material). In the region of the helix observed in IGF-F1-1, the H (Table  2) . Although these residues are identical or of similar phage ELISA, unimpeded by avidity effects. Expensive and time-consuming peptide synthesis was not percharacter in the naïve selected peptide IGF-F1-parent, the affinity for IGF-1 is at least an order of magnitude formed until after the final affinity maturation step.
Using this optimized protocol, we sought to identify less than that of the affinity-matured peptide IGF-F1-1, as judged from the IGFBP1 and IGFBP3 competition ligands to the growth factor IGF-1. The initial naïve selection yielded peptides from six distinct scaffolds, with binding studies (Table 5 ). The working model we have developed for the evolution process is that approximate one scaffold, CX 9 C, dominating the sequenced clones. Of the two families of related CX 9 C peptides derived binding solutions are found within incomplete, but highly diverse, polyvalent libraries that allow us to identify bindfrom the sequences, the family F1 contained a more highly conserved motif (Table 3) . Sequence alignments ing motifs and, therefore, to design directed libraries with complete coverage of relevant sequence space. were made between the five F1 and F2 peptides that were synthesized and all human IGFBPs, IGF-R1, IGFThe directed libraries contain peptides with the binding epitope displayed on a more highly structured scaffold, R2, and IR. In no case was an identity of more than 30% observed, and in nearly all cases gaps were required so that these peptides bind IGF-1 with higher affinity and are selected preferentially. Although this model agrees to obtain any alignment identity greater than 15% (our unpublished data). Thus, the selection sequences are with our results for IGF-1 ligands, identification and optimization of ligands to other targets will be required to novel epitopes for binding IGF-1 and are not simply linear fragments of known IGF binding proteins.
test if it is generally applicable. If our model is correct, the discovery of a tight binding peptide by this methodSynthetic peptides derived from affinity maturation of F1 bind to IGF-1 with good potency and have a wellology requires the presence of a highly conserved binding core in the original selection. The probability of this defined solution structure (Table 5 and Figure 2) . The other family, F2, is based on a less well-defined consenoccurring is dependent on the properties of target, choice of libraries, and completeness with which the sus sequence (Table 2) ; synthetic peptides from this family had a tendency to aggregate or have limited solulibraries are sampled. In this case, by using the maximum diversity available to us, we found consensus mobility, making characterization of their structure or IGF-1 affinity problematic. The affinity-matured F2 sequences tifs that led to potent binders by sequencing fewer than 100 clones. that could be assessed by phage ELISA were found to be less potent than the F1 sequences (Table 4) 
Experimental Procedures

Construction of Polyvalent Naïve Peptide-Phage Libraries
Single-Point Phage ELISA Libraries were constructed by previously described methods [5] ,
To facilitate the rapid analysis of hundreds of unique phage clones, with a phagemid vector containing an IPTG-inducible P tac promoter we used a 96-well format for phage growth and ELISAs. Individual driving the expression of open-reading frames encoding fusion pro-E. coli XL1-blue colonies harboring phagemids were picked into 500 teins of the following form: the StII secretion signal (MKKNIAFLLAS l of growth medium (2YT supplemented with 50 g/ml carbenicillin MFVFSIATNAYA), followed by a random peptide, followed by a linker and 10 10 pfu/ml VCS-M13 helper phage) in 1.2 ml culture tubes in a (GGGSGGG), followed by the M13 gene-8 major coat protein (AEG 96-well format. After overnight growth, the tube racks were centri-DDPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS).
fuged for 10 min at 2.5k rpm in a Sigma 3-12 centrifuge equipped Twenty-two different peptide libraries were constructed (Table 1) , with an Nr.11222 rotor. The phage supernatants (300 l) were transand peptide-phage displaying the libraries were purified by precipiferred to 96-well plates and used directly in single-point phage tation with PEG/NaCl, as described previously [5] , and stored ELISAs. at Ϫ70ЊC. . Restraints were set to the value deter-E. coli XL1-Blue cells harboring the phagemid pIGF-g3 were used mined from TALOS Ϯ the larger of either twice the TALOS standard to produce phage particles displaying human IGF-1, as described deviation or 40Њ. Hydrogen bond restraints were not employed at previously [22] . The lysates were transferred to immunosorbant plates that had been coated overnight with 100 l anti-hIR antibody (2 g/ml) and Supplementary Material blocked with BSA. After 2 hr incubation to allow for capture of NMR resonance assignments for peptides IGF-F1-1 and IGF-1-parsolubilized hIR from the lysates, the plates were washed and antient are available in Supplementary Tables 1 and 2 . Supplementary phosphotyrosine antibody 4G10 (Upstate Biologicals Inc.) was Table 2 contains details of the input restraints used to calculate the added to detect activated hIR. After 2 hr incubation, the plates were structure of IGF-F1-1 and quality and precision statistics for the developed with streptavidin conjugated to HRP and TMB substrate resulting ensemble. as described above.
To 
